Growth retardation, decreased final height and renal osteodystrophy (ROD) are common complications of childhood chronic kidney disease (CKD), resulting from a combination of abnormalities in the growth hormone (GH) axis, vitamin D deficiency, hyperparathyroidism, hypogonadism, inadequate nutrition, cachexia and drug toxicity. The impact of CKD-associated bone and mineral disorders (CKD-MBD) may be immediate (serum phosphate/ calcium disequilibrium) or delayed ( poor growth, ROD, fractures, vascular calcifications, increased morbidity and mortality). In 2012, the clinical management of CKD-MBD in children needs to focus on three main objectives: (i) to provide an optimal growth in order to maximize the final height with an early management with recombinant GH therapy when required, (ii) to equilibrate calcium/ phosphate metabolism so as to obtain acceptable bone quality and cardiovascular status and (iii) to correct all metabolic and clinical abnormalities that can worsen bone disease, growth and cardiovascular disease, i.e. metabolic acidosis, anaemia, malnutrition and 25(OH)vitamin D deficiency. The aim of this review is to provide an overview of the mineral, bone and vascular abnormalities associated with CKD in children in terms of pathophysiology, diagnosis and clinical management.
Introduction
Growth retardation, decreased final adult height and renal osteodystrophy (ROD) are common complications of childhood chronic kidney disease (CKD), resulting from a combination of factors, such as resistance to growth hormone (GH), modifications of the GH-insulin-like growth factor type 1 (IGF1) axis, vitamin D deficiency, hyperparathyroidism, hypogonadism, malnutrition and drug toxicity (corticosteroids, calcineurin inhibitors) [1, 2] . Not only do these complications impact overall quality of life through their effects on both physical and mental well-being in children with CKD, but also alterations in mineral metabolism and bone disease are linked to cardiovascular disease, contributing to a significant decrease in life expectancy.
Reflecting the complex interplay between bone disease, mineral metabolism and cardiovascular disease in patients with renal dysfunction, the CKD mineral and bone disorder (CKD-MBD) is a term used to describe one or a combination of the following: (i) abnormalities of calcium, phosphorus, parathyroid hormone (PTH) or vitamin D metabolism, (ii) abnormalities in bone histology, linear growth or strength and (iii) vascular or other soft tissue calcification [3] . The impact of CKD-MBD in children may be immediate (biological disequilibrium of calcium/phosphate/vitamin D metabolism determinants) or delayed (growth retardation, CKD-MBD, fractures, vascular calcifications, increased morbidity and mortality) [4] . In contrast, the term ROD currently refers specifically to the different bone lesions as defined by bone histomorphometry. The bone and growth consequences of CKD have been highlighted in a cohort of 249 young Dutch adults with onset of end-stage renal failure before the age of 14 years: in this cohort, 61% of patients had severe growth retardation, 37% severe bone disease (as defined by at least one of the following conditions: deforming bone abnormalities, chronic pain related to the skeletal system, disabling bone abnormalities, aseptic bone necrosis and low-traumatic fractures) and 18% disabilities resulting from bone impairment [5] . In addition, evidence of vascular calcifications has been demonstrated in young adult dialysis patients with ESRD therapy initiated in childhood [6, 7] .
The aim of this review is therefore to provide an overview of the mineral, bone and vascular abnormalities associated with CKD in children in terms of pathophysiology, diagnosis and clinical management.
Physiology of normal growth and bone formation
Linear growth is a unique feature of childhood, occurring through the modelling of new bone by skeletal accretion and longitudinal growth in the growth plate. In this process, chondrocytes play a key role, as well as GH [8, 9] . One-third of the total growth occurs during the first 2 years of life, on a primarily nutrition-dependent basis [8] . Later childhood is marked by a lesser, although constant, growth velocity (5-7 cm/year), driven primarily by the actions of GH and thyroid hormone. At the onset of puberty, oestrogen and testosterone induce a second increase of growth velocity. During growth, the epiphyseal cartilage goes through a process of progressive maturation, and when no additional epiphyseal cartilage remains to provide further long bone growth, bone fusion occurs between the shaft and the epiphysis, ending the linear growth process [10] .
GH, also termed 'somatotropin', is a 191-amino acid hormone with anabolic effects on multiple tissues including stimulation of body growth and protein synthesis and modulation of the carbohydrate, lipid and protein metabolism [10] . GH is the key endocrine factor regulating post-natal growth: the pulsatile release of GH by the somatotrope cells of the anterior pituitary gland is stimulated by the hypothalamic GH-releasing hormone and regulated by several other factors [10] . GH has a short half-time in blood (<20 min); therefore, the effects of GH on almost all tissues of the body, are mediated primarily through hepatic intermediate substances (somatomedins) including somatomedin C (or IGF1), although, in mouse models, GH itself has been shown to have some direct actions on pubertal skeletal development, as well [11] . IGF1 is also an anabolic hormone; it is transported in plasma bound to six different IGF-binding proteins (IGFBP) to increase its half-life and exerts its biological effect when binding to its specific tyrosine kinase receptor (IGF1-R) [8] . In healthy children, the most prevalent IGFBP is IGFBP3, accounting for 75% of the circulating IGFs [8] .
Bone formation in children occurs by two distinct mechanisms: the first one is similar to that observed in adults (i.e. skeletal remodelling of existing mineralized tissue that is controlled by osteoclasts and osteoblasts), whereas the second one is specific to the paediatric population (i.e. modelling of new bone by skeletal accretion and longitudinal growth from the growth plate, through the action of chondrocytes) [9] . The growth plate is an avascular tissue between the epiphyses and metaphyses of long bones; endochondral bone formation corresponds to its progressive replacement by bone. The regulation of this process is complex, with a key role for GH and the PTH/PTH-related protein-receptor (PTHrP) axis [12] . GH exerts at least four main actions on the growth plate: (i) an increased local production of IGF1 that will later acts in a paracrine manner to stimulate the clonal expansion of proliferating chondrocytes, (ii) a positive effect on cellular differentiation, converting chondrocytes into osteogenic cells, (iii) an increased rate of cellular proliferation and (iv) an increased deposition of proteins by the chondrocytic and osteogenic cells, leading to further bone growth [10, 12] .
Changes in mineral metabolism with progressive CKD
Since bone consists primarily of calcium and phosphorus, in the form of hydroxyapatite, it is not surprising that alterations in mineral metabolism, as occur with progressive CKD, lead to bone disease. The earliest biochemical abnormality in CKD is an increase in circulating fibroblast growth factor 23 (FGF23) levels [13] . FGF23, in conjunction with its co-receptor, Klotho, activates FGF receptor 1 (FGFR1) and acts on the kidney to induce renal phosphate wasting and to suppress renal 1α-hydroxylase activity. FGF23 also acts on the parathyroid gland and may play a role in suppressing PTH levels [14] . FGF23 is stimulated by phosphate and 1,25(OH) 2 vitamin D and, in both adults and children, and FGF23 increases as glomerular filtration rate (GFR) decreases, with elevations in circulating concentrations occurring in very early stages of CKD, prior to any apparent alterations in circulating mineral content [15, 16] . This increase could be explained by different factors, including a decreased renal clearance of FGF23, a compensatory mechanism to excrete an increased phosphate load, a response to treatment with active vitamin D analogues, and/or a compensatory mechanism to the loss of the kidney-secreted Klotho protein. Although these increased circulating levels of FGF23 in patients with CKD consist almost exclusively of the intact, active form of the molecule [17] , it is not clear whether the biological effects of FGF23 are increased or decreased in the context of decreased kidney function [18, 19] . Indeed, decreased expression of FGFR1 and Klotho in parathyroid cells from dialysis patients and a resistance to the suppressive effects of FGF23 on PTH in uraemic rats suggest that parathyroid gland FGF23 signalling pathway is downregulated in both animals and humans with CKD observations which may explain, at least in part, the refractory secondary hyperparathyroidism observed in CKD patients [20] [21] [22] . On the other hand, as FGF23 levels increase, tubular phosphate reabsorption increases and 1,25(OH) 2-vitamin D synthesis decreases, suggesting that FGF23 signalling remains intact in the kidney.
Subsequently, abnormalities in other parameters of mineral metabolism progressively appear. During mild CKD (stages 2 and 3), calcitriol levels decline in response to increased FGF23 concentrations. Since calcitriol suppresses PTH secretion, declining 1,25(OH) 2 vitamin D levels are followed, in moderate (stages 3 and 4) CKD, by increasing PTH concentrations and by loss of pulsatility in PTH secretion [23] . Ultimately, in late stage 4 CKD, hypocalcaemia and hyperphosphataemia develop in response to decreased intestinal calcium absorption (from critically low calcitriol concentrations) and decreased phosphate excretion (from critically low renal mass), respectively [13] . Finally, 25(OH)vitamin D deficiency, which is prevalent worldwide, likely also contributes to the development of secondary hyperparathyroidism. Patients with CKD are particularly prone to 25(OH) vitamin D deficiency (currently defined by values below 30 ng/mL or 75 nmol/L), due to several combined factors including decreased sunlight exposure, relative scarcity of vitamin D in occidental diets, lack of supplementation in vitamin D due to the current underestimation for recommended daily intake and increased body fat mass in populations [24] . Recent data from four studies in children have documented a 40-77% prevalence of 25(OH) vitamin D deficiency/insufficiency in children with CKD [25] . In addition to providing a substrate for the formation of calcitriol, thus indirectly suppressing PTH levels, Ritter et al. [26] recently identified that 25(OH)vitamin D continues to directly suppress PTH synthesis even when parathyroid gland 1alpha hydroxylase is inhibited, thus demonstrating a direct effect of 25(OH)vitamin D on PTH synthesis, independent of 1,25(OH) 2 vitamin D. Moreover, a recent placebo-controlled randomized trial demonstrated that ergocalciferol was able to delay the onset of secondary hyperparathyroidism in paediatric patients with predialysis CKD [27] . 25(OH)vitamin D likely also has a direct effect on bone biology, independent of its effects on mineral metabolism; indeed, Priemel et al. [25] demonstrated in a cohort of 675 deceased adults that pathological mineralization defects could occur when the serum 25(OH) vitamin D level was below 30 ng/mL. New roles of vitamin D in global health have also recently been highlighted: vitamin D may represent a protective factor against infections, autoimmune diseases, cardiovascular diseases and cancer [28] .
The impact of altered bone metabolism on growth in children with CKD
Growth retardation in CKD
In paediatric patients with CKD, growth failure develops early in the course of CKD and affects up to 35% of this population; by the time of renal transplantation, a significant proportion of children present with severe short stature [29] [30] [31] [32] . The aetiology of this poor growth is multifactorial and includes both potentially modifiable factors (e.g. protein and calorie malnutrition, anaemia, metabolic acidosis, hypothyroidism and salt wasting) and less modifiable factors such as abnormalities in the GH-IGF1 axis, resistance to GH, ROD and therapies [31, 33, 34] . However, despite the correction of these factors, many children with CKD continue to grow poorly [33] . Altered GH metabolism and organ resistance to GH have been implicated as major contributors to growth retardation in CKD, as summarized in Table 1 [8, [35] [36] [37] [38] . In teenagers with CKD, the loss of the pulsatile release of the gonadotropin-releasing hormone also explains the delay and the shortening of the pubertal growth spurt, in association with a reduced growth velocity [8] .
The contribution of ROD to growth failure Bone evaluation in CKD children remains challenging [1] since (i) the metabolism of bone biomarkers is not well known during CKD, with an accumulation of most of bone biomarkers as GFR decreases [39, 40] ; (ii) bone biomarkers vary according to age and gender in a paediatric population [41] ; and (iii) the only bone imaging technique that is widely available (i.e. dual X-ray absorptiometry or DXA) is a poor metric for assessing bone status in CKD, as recently discussed in international paediatric guidelines [42, 43] . However, childhood and adolescence are critical periods for bone mass gain since about 90% of peak bone mass is acquired before the age of 18 years and a decreased peak bone mass may induce an increased risk of fractures and osteoporosis during adulthood [44] . Bone biopsy from the anterior iliac crest after double-tetracycline labelling (10-15 mg/kg per day, taken orally three times a day during two 2-day periods separated by a 12-day free interval) remains the reference standard to evaluate bone status in CKD patients [45] . Even though it is rarely performed in clinical practice, it is the only available technique leading to an accurate evaluation of ROD [46] . Histomorphometry allows the diagnosis of the different skeletal lesions of ROD [47] ; some reference values established in children with normal renal function have been described [48, 49] . In all cases, histomorphometric results should be reported using the terminology established by the Nomenclature Committee of the American Society for Bone and Mineral Research [50] , and by the TMV classification system established by the KDIGO Resistance to the post-receptor signal transduction inducing a decreased tyrosine kinase activity a Since the GH-binding protein is a cleaved product of the GH receptor and since its serum level correlates with spontaneous growth rate and response to GH therapy, it has been hypothesized that it could be an indirect indicator of GH sensitivity, but there are still controversies concerning its potential use as a marker of GH receptors at the tissue level.
working group to specifically define ROD [51] , as summarized in Table 2 [52] .
ROD is characterized by alterations in bone turnover, mineralization and volume; these three components should be evaluated independently to characterize the different subtypes of ROD, as defined by the K-DIGO in 2006 and summarized in Table 2 [51] . High bone turnover (secondary hyperparathyroidism, osteitis fibrosa cystica) is the primary skeletal lesion of paediatric ROD, and is present in virtually all untreated incident paediatric dialysis patients. This lesion is caused by a long-term exposure to high serum PTH levels and 1,25(OH) 2 vitamin D deficiency. In contrast, low-turnover lesions (i.e. adynamic bone disease) may occur as a result of excess treatment with vitamin D analogues and calcium salts and are characterized by low PTH and alkaline phosphatase levels as well as high serum calcium levels. Low bone turnover has been associated with an increased risk of vascular calcifications, fractures and more severe growth retardation [3, 53] .
Defects in skeletal mineralization are also prevalent in paediatric patients with CKD-occurring in 30% in stage 2 CKD and increasing in prevalence as CKD progresses, even though bone turnover remains normal in the earliest CKD stages and becomes apparent while GFR decreases [13] . Nearly 80% of dialysis patients display some defect in skeletal mineralization, a problem that is not corrected by traditional therapy with vitamin D sterols and phosphate binders [54] . Although alterations in skeletal mineralization (i.e. rickets) contribute to increased fracture rates, bone deformities and growth retardation in children with normal renal function, their exact role in these clinical symptoms in children with CKD, remains to be elucidated [3] . In contrast to bone turnover and mineralization, assessment of bone amount and structure are best assessed via imaging techniques [55] . Although widely used in paediatric populations, the areal measurement of bone mineral density (BMD) by DXA has three major limitations in paediatric CKD populations: (i) its reliance on areal density rather than volumetric density that can be modified only by growth; (ii) its inability to distinguish between trabecular and cortical bone that can be independently damaged in CKD; and (iii) its inability to evaluate trabecular microarchitecture whereas it is a strong determinant of bone quality [39, 43] . In contrast, new imaging techniques, including bone magnetic resonance imaging or high-resolution peripheral quantitative computed tomography have led to an improvement in bone evaluation with an assessment of both compartmental volumetric densities and trabecular microarchitecture [56] [57] [58] . These bone imaging devices are particularly challenging in children, whose bones continually grow in size, shape and mass [59] ; however, they present several advantages, namely, safety and low radiation exposure. At this time, these techniques are not widely available and their exact role in paediatric CKD patients remains to be defined [60] [61] [62] [63] [64] .
Clinical management of growth retardation in children with CKD
Control of ROD
In clinical practice, the recent guidelines on abnormalities of bone and mineral metabolism in CKD have established that a regular monitoring of calcium, phosphorus, PTH and alkaline phosphatase should be performed at regular intervals [65] . Since both adynamic bone and severe hyperparathyroidism increase the severity of growth retardation [3] , current guidelines suggest that serum PTH and bone-specific alkaline phosphatase values be used for the evaluation of bone disease (KDIGO guidelines, evidence 1C in adults and 2D in children), with serum PTH values kept within a range appropriate to the stage of CKD [66] . Unfortunately, PTH values are poor predictors of ROD, likely due to a combination of factors including the development of end-organ resistance to the hormone as CKD progresses and an accumulation of PTH fragments as renal function declines [67] . Thus, a bone biopsy should be performed for the following indications: unexplained fractures, persistent bone pain, unexplained hypercalcaemia, possible aluminium toxicity and before bisphosphonates therapy [65] . Table 3 summarizes the targets of PTH serum levels according to the different stages of CKD, according to the 2009 KDIGO international guidelines [65] ; however, optimal targets depend on the geography [68] and are notably different between Europe and America [34] . Indeed, European paediatric nephrologists are prone to accept lower levels of PTH (i.e. not above two times the upper normal limit), [69] noting that PTH is an independent risk factor for myocardial fibrosis, arteriolar thickening and hypertension both in adults [70] and in children treated with maintenance dialysis [71] ; they have reported no negative impact on growth with these values [72] . A consensus on the optimal target for PTH levels depending on the different CKD stages is therefore impossible to determine at the current time; however, optimal growth and normal phosphorus/calcium/25(OH) vitamin D levels should be the primary targets of daily management of CKD-MBD in children.
Current guidelines for managing CKD-MBD in adults consist in decreasing high circulating phosphorus levels maintaining calcium levels, and controlling secondary hyperparathyroidism [65] . Decreased phosphate intake and phosphate binders are used to control serum phosphate and calcium concentrations. Currently, calcium-containing salts are the most widely available and used phosphate [73] , thus improving the margin of safety for active vitamin D sterol use in a randomized trial in children undergoing peritoneal dialysis [74] . However, sevelamer hydrochloride has also been associated with a worsening of metabolic acidosis in a dose-dependent manner in a mixed cohort of 44 German children with different stages of CKD and a proportion of them treated with dialysis [75] .
More recently, a prospective study has shown that sevelamer carbonate may be a safe and effective phosphate binder and results in less metabolic acidosis in paediatric dialysis patients [76] . 25(OH)vitamin D supplementation and active vitamin D analogues are used to decrease PTH circulating levels [65] . Current guidelines suggest that increased PTH levels, in the face of 25(OH)vitamin D insufficiency/deficiency (defined as a value <30 ng/mL) be first treated with 25(OH)vitamin D supplementation. A recent randomized, controlled trial has validated this recommendation, demonstrating a delayed onset of secondary hyperparathyroidism in children with CKD receiving therapy for 25(OH) vitamin D deficiency [27] . Following 25(OH) vitamin D repletion, active vitamin D sterols should be initiated to control serum PTH values. A recent (2010) Cochrane meta-analysis emphasized the paucity of long-term data on the relative safety and efficacy of different active vitamin D sterols for the treatment of secondary hyperparathyroidism in children; however, PTH levels have been shown to decrease similarly with all preparations [73] . Moreover, one randomized, controlled trial demonstrated equivalent suppression of PTH levels and bone turnover with both calcitriol and doxercalciferol, suggesting that both formulations are equivalent for the control of secondary hyperparathyroidism [54] . Although vitamin D sterols are currently the mainstay of therapy for elevated PTH levels, over-suppression of PTH levels in dialysed children may lead to adynamic bone disease which is associated with growth failure and cardiovascular calcifications [77] . Moreover, active vitamin D sterols, particularly calcitriol, may also inhibit the growth plate [78] . Taken together, these data illustrate that active vitamin D sterols exert a positive role in controlling PTH levels and osteitis fibrosa but, with excessive use, may result in excessive PTH suppression, adynamic bone disease, growth failure and progressive cardiovascular calcifications. Furthermore, since active vitamin D analogues are potent stimulators of skeletal FGF23 secretion [54, 79] , current data implicating FGF23 in the pathogenesis of secondary hyperparathyroidism call into question the wisdom of early active vitamin D sterol therapy. Since there are currently no data demonstrating any differences on the control of secondary hyperparathyroidism or ROD between the various active vitamin D sterols [54] the choice may depend on the geographical localization; for example, French paediatric nephrologists tend to use alfacalcidol while Americans prescribe calcitriol.
Currently, calcimimetics and bone-targeted therapies (i.e. bisphosphonates, teriparatide and raloxifene) are not approved for use in paediatric patients with CKD and long-term data on their effects on bone, growth and biochemical parameters in children are lacking. Thus, further studies are warranted to determine the optimal strategy for controlling secondary hyperparathyroidism in the paediatric CKD population. The new drug, cinacalcet, is highly promising, since it has intriguing benefits when compared with active vitamin D by inducing daily PTH fluctuations [80, 81] ; however, paediatric experience is limited to observational data [82] . Of note, the use of this drug in addition to lanthanum carbonate therapy in one child was associated with precocious puberty, calling into question its safety for the paediatric population [83] . Paediatric randomized controlled trials are ongoing and should yield additional paediatric pharmacokinetic, pharmacodynamic and safety data. If PTH serum levels are above the upper normal limit of the assay, the following therapeutic steps can be proposed: To decrease nutritional phosphorus intake; To introduce a phosphate binder, calcium supplements and/or native vitamin D If PTH serum levels remain above the target after these corrections, calcitriol or vitamin D analogues should be introduced. If all these measures fail, a parathyroidectomy should be discussed.
IV

15-29 V <15
V-D Dialysis To maintain PTH serum levels in the range of approximately two to nine times the upper normal limit for the assay.
If PTH is above this target, treatment with calcitriol or vitamin D analogues or calcimimetics or a combination of both should be initiated. If all these measures fail, a parathyroidectomy should be considered.
GFR, glomerular filtration rate (mL/min per 1.73 m 2 ). In all cases, marked changes in PTH levels in either direction within the range should prompt an initiation or change in therapy to avoid progression to levels outside the target range. In patients with hypercalcaemia, vitamin D analogues or calcitriol should be decreased or stopped. a Lower PTH targets are suggested by the European Guidelines.
rhGH therapy
After correcting all metabolic abnormalities that can worsen growth status such as metabolic acidosis, anaemia, CKD-MBD and malnutrition in paediatric patients with mild-to-moderate renal insufficiency (CKD stages 2-4), the use of supraphysiological doses of recombinant human GH (rhGH) has been proved to be safe and effective in increasing growth and final adult height [30, [84] [85] [86] , by partly correcting the altered GH-IGF1 axis, by increasing GH and IGF1 serum levels, and by decreasing IGFBP1 and IGFBP5 serum levels simultaneously [8] . The 2005 American K-DOQI guidelines concerning the use of rhGH in CKD children are summarized in Table 4 [87] . Of note, such a therapy is contra-indicated in the case of severe secondary hyperparathyroidism, history of malignancy, hyperglycaemia, hyperinsulinaemia or significant scoliosis [88] . The primary actions of rhGH are on the cartilaginous growth plate and animal models (rats) have demonstrated that secondary hyperparathyroidism influences both the epiphyseal growth plate morphology and the expression of different biomarkers of proliferation and differentiation in this tissue [12] . Although there is little data in humans on the impact of CKD on growth plate, marked chondroclastic erosions and abnormal vascularization were found in the growth plates of autopsy material from children with osteitis fibrosa who were treated with maintenance haemodialysis [89] . Several studies have demonstrated a positive effect of rhGH on linear growth but with variable results according to CKD stage: in the NAPRTCS database, catch-up was observed in 27% of children with chronic renal insufficiency and in 25% of transplanted children, but only in 11% of children undergoing renal replacement therapy treated with rhGH therapy [90] . Moreover, the maximal effect of rhGH therapy occurs during the first year of therapy. The waning efficacy of rhGH with a longer therapy duration, may partly be explained by the difficulty of adhering to a daily subcutaneous injection regimen and/or an increasing resistance to the actions rhGH at the level of the growth plate [91] .
Independent of its action on the growth plate, the effects of GH on bone quality and bone remodelling are not well known [92] . Nevertheless, rhGH may stimulate osteoblastic proliferation and new bone formation, illustrated in clinical practice by higher osteoblastic activity, bone formation rate and bone mass in patients with acromegaly on the one hand, and by decreased bone mass and osetoblastic activity in patients with GH deficiency on the other. Moreover, GH can promote the proliferation of osteoblasts and increase new bone formation, through the IGF1 pathway [9] . In children receiving long-term corticosteroids, rhGH therapy increases osteoblastic activity, bone formation and probably also bone turnover [93] . Other data also suggest a positive effect of rhGH therapy on BMD [92, [94] [95] [96] [97] . Moreover, rhGH therapy may also counteract the negative effect of high-dose calcitriol therapy on bone turnover during childhood CKD [98] . Although several side effects of rhGH therapy have been discussed in the past (e.g. potential increased risk of acute rejection and adverse effect on the preservation of renal function in transplanted children, increased risk of slipped capital femoral epiphysis and benign intracranial hypertension, increased risk of hyperparathyroidism), a Cochrane systematic review performed in 2006 to evaluate the benefits and harms of rhGH therapy in CKD children (15 trials, 629 children) failed to demonstrate a positive effect of rhGH therapy on final adult height since most of the published trials were too short to draw such conclusions. However, a dosage of 28 IU/m 2 per week (or 10 mg/m 2 per week) for 1 year of rhGH resulted in a 3.8 cm/year increase in height velocity in CKD children receiving rhGH therapy in comparison to untreated patients [30] .
After initiating rhGH therapy, the physician may observe very different clinical responses that are partly explained by confounding factors such as individual primary renal disease, CKD stage, degree of malnutrition, metabolic disturbances, genetic background, concurrent diseases and therapies and therapeutic compliance [31, 88] . Since there was an inverse relationship between age and rhGH response in a cohort of 270 CKD prepubertal naïve-to-treatment children issued from the NCGS registry, rhGH therapy should be begun early in the course of CKD [31] . It is also important to note that a recent study emphasized the under-prescription of rhGH therapy in paediatric CKD patients since more than half of short CKD children (as defined by a height below the fifth percentile) did not receive rhGH in a retrospective Table 4 . Summary of the 2005 K-DOQI guidelines for using rhGH in CKD children [87] Recommendation 1 Children should have hip and wrist bone age X-rays performed prior to initiation of rhGH therapy. Children with active rickets or a slipped capital femoral epiphysis should not begin rhGH therapy until these problems have been resolved. 2 rhGH therapy should not be initiated until the PTH level is no greater than 2× the target upper limit for CKD stages II-IV or 1.5× the target upper limit in CKD stage V-D. 3 rhGH therapy should not be initiated until the phosphorus is no greater than 1.5× the upper limit for age. 4 Children receiving rhGH therapy in stages II-IV CKD should have calcium, phosphorus, PTH and alkaline phosphatase monitored at least every three months during the first year of therapy. Children receiving GH therapy in CKD stage V should have calcium, phosphorus, PTH and alkaline phosphatase monitored at least every month during the first six months of therapy. Thereafter, interval measurements should be made according to CKD stage. 5 Children receiving rhGH therapy should have a wrist bone age performed yearly. Hip X-rays should be performed when clinically indicated. 6 rhGH therapy should be stopped temporarily:
In CKD stage II-IV: if the patient has a PTH level above 400 pg/ mL; rhGH should not be restarted until the PTH level is equal or below 200 pg/mL; In CKD stage V: if the patient has a PTH level above 900 pg/mL; rhGH should not be restarted until the PTH level is equal or below 450 pg/mL; In all stages of CKD, if the patient develops a slipped capital femoral epiphysis or symptomatic high-turnover ROD. 7 rhGH therapy should be stopped permanently when the epiphyses are closed.
multicentre American study whose main objective was to identify the potential obstacles preventing CKD children to receive rhGH therapy. The most common reasons to explain the absence of rhGH were family refusal, severe secondary hyperparathyroidism and non-compliance; however, in up to 25% of cases, no evident rationale was found. Of note, the need for waiting on insurance company approval induced a significant delay in the initiation of rhGH therapy in 18% of patients [99] . Taken together, these observations confirm that further measures are still needed to optimize growth in children with CKD.
In conclusion, since children with early stages of CKD have a better response to rhGH therapy than dialysis patients on the one hand, and since a young age at the onset of CKD is associated with a greater magnitude of growth retardation on the other hand, rhGH therapy should be introduced as soon as possible in children with CKD (i.e. with a GFR below 75 mL/min per 1.73 m 2 ) when their SDS for height is more negative than −2 (and −1.88 according some authors) [88] . In the future, newer treatment modalities, targeting preferentially GH resistance (such as recombinant IGF1, recombinant IGFBP3 or IGFBP displacers), are under investigation for the treatment of growth retardation in paediatric patients with CKD [8] . In children below 2 years of age, since growth mainly depends on nutritional parameters, the optimization of nutritional status is a cornerstone in the management of such patients, usually through an enteral nutritional support [100] .
Conclusion and perspectives
Since growth failure during CKD has been well demonstrated to be associated with increased hospitalization rates and increased morbidity/mortality [101] , and since bone status probably represents only the tip of the iceberg of cardiovascular health and vascular calcifications, large prospective multicentre trials are urgently required in this specific paediatric population to evaluate the impact of rhGH therapy, vitamin D analogues, phosphate-binders and calcimimetics not only on final adult height but also on bone status, fracture risk and global cardiovascular status. In this setting, bone histomorphometry remains an important component of well-designed clinical studies but the role of new non-invasive imaging techniques should also be evaluated.
The evaluation of growth and bone status remains challenging in CKD children even though the recent description of the FGF23 bone/kidney/parathyroid axis highlights new promising and exciting hypotheses to improve diagnosis and clinical management of CKD-MBD. Therefore, at the current time, the daily clinical management of CKD-MBD in children should still focus on three main objectives: (i) to provide an optimal nutritional support to maximize the final height and avoid bone deformations, (ii) to equilibrate calcium/phosphate metabolism so as to provide acceptable bone quality and cardiovascular status and (iii) to correct all metabolic and clinical abnormalities that can worsen both bone and growth (mainly metabolic acidosis, anaemia, malnutrition and 25(OH)vitamin D deficiency).
